Idiopathic normal pressure hydrocephalus (INPH) patients have a disturbance in the dynamics of the cerebrospinal fluid (CSF) system. The outflow conductance, C, of the CSF system has been suggested to be prognostic for positive outcome after treatment with a CSF shunt. All current methods for estimation of C have drawbacks; these include lack of information on the accuracy and relatively long investigation times. Thus, there is a need for improved methods. To accomplish this, the theoretical framework for a new adaptive observer (OBS) was developed which provides real-time estimation of C. The aim of this study was to evaluate the OBS method and to compare it with the constant pressure infusion (CPI) method. The OBS method was applied to data from infusion investigations performed with the CPI method. These consisted of repeated measurements on an experimental set-up and 30 patients with suspected INPH. There was no significant difference in C between the CPI and the OBS method for the experimental set-up. For the patients there was a significant difference, −0.84 ± 1.25 µl (s kPa) −1 , mean ± SD (paired sample t-test, p < 0.05). However, such a difference is within clinically acceptable limits. This encourages further development of this new real-time approach for estimation of the outflow conductance.
Introduction
It is commonly perceived that idiopathic normal pressure hydrocephalus (INPH) patients have a disturbance in the dynamics of the cerebrospinal fluid (CSF) system (Malm and Eklund 2006) where the main symptoms are gait disturbance and dilatation of the brain ventricles. The implantation of a CSF shunt is the currently used treatment, and neurologists and neurosurgeons use different diagnostic tests to predict whether or not the patient is likely to benefit from shunt surgery (Marmarou et al 2005) . The CSF shunt alters the dynamics of the CSF system and approximately 70% of the patients are improved (Malm et al 1995 , Tullberg et al 2001 , Boon et al 1997 . Thus, understanding the CSF dynamics and measuring its various parameters are important. One such parameter is the CSF outflow conductance, C (being the reciprocal of the outflow resistance), which has been suggested to be prognostic for positive outcome after shunting (Tans and Boon 2002) .
To measure C, lumbar infusion tests are used. Artificial CSF is injected into the spinal canal and the resulting intracranial pressure, P ic , is measured. Several different infusion patterns are used. Examples include the bolus infusion (Marmarou et al 1978) and the constant rate infusion (Katzman and Hussey 1970 , Kosteljanetz 1985 , Czosnyka et al 1990 . At our hospital, the constant pressure infusion method (CPI) is used; here the pressure is regulated to several constant levels (Ekstedt 1977 , Andersson et al 2005 . All of these methods utilize the same mathematical model of the CSF system (Marmarou 1973) .
However, each method has drawbacks; these include a lack of information on the accuracy of the estimated C and the relatively long investigation time. Furthermore, current methods record data and then use off-line analysis to estimate C. A challenge with this type of measurement is that P ic fluctuates due to physiological disturbances in the CSF system. The magnitude of these fluctuations may vary a lot between patients. This means that with a fixed infusion time, a patient with small variations will produce a more reliable estimate of C than a patient with larger variations. Therefore, each patient should have his or her own individual infusion time (Andersson et al 2007b) . The problem is, choosing this time in advance is not possible.
One approach to these issues is to use methods from adaptive systems theory. Observers were originally developed for aerospace and robotics but are now used for a wide range of industrial and medical applications (Tasch et al 1990) . The theoretical framework for a new adaptive observer aimed at the CSF system has been developed (Manchester et al 2007) . The adaptive observer used in this study was derived from the same mathematical model as used by current infusion methods. It provides a real-time estimate of C. Preliminary tests on an in-vitro model showed potential for the new technique and its ability to estimate C (Manchester et al 2007) .
This was a retrospective study using data from CSF infusion tests on an experimental set-up as well as 30 patients. The aim was to implement and evaluate the use of the adaptive observer for real-time assessment of the outflow conductance, and to compare the new method to the CPI method.
Materials and methods

The cerebrospinal fluid system
The CSF provides physical support to the brain and it is produced in the ventricles. It circulates from the ventricles, via the cerebral aqueduct to the fourth ventricle where it passes to the subarachnoid space. It surrounds the brain and spinal cord and is absorbed into venous blood at the superior sagittal sinus via the arachnoidal villi. The CSF dynamic system is characterized by the outflow resistance (being the reciprocal to C), which describes the impedance of flow offered by these absorption pathways, and the compliance of the craniospinal compartment, which relates changes in volume to changes in pressure.
CSF dynamics model
In 1973, Marmarou introduced a mathematical model of the human cerebrospinal fluid system. It incorporates the physiological properties of the CSF system. Based on the model, analysis algorithms are developed and used for estimation of CSF system parameters from infusion measurements.
The compliance of the system relates the pressure and volume with each other and it can be modelled using the following function (Marmarou et al 1978) :
where k is a patient-dependent constant. This constant can also be related to the pressure volume index (PVI) as
PVI is defined as the amount of fluid required to raise P ic tenfold. It is assumed that C is independent of P ic and therefore can be regarded as a constant in the model (Borgesen et al 1978) . A differential equation of the form of the Bernoulli equation can be derived, describing the change in P ic over time using the various parameters :
where P r is the resting pressure and I ext is the external infusion of CSF added to the system. Using the substitution x = 1/P ic , it can be written as a linear equation:
The nonlinear observer By using equation (4), a nonlinear observer can be obtained. The observer generates coupled estimates of both the intracranial pressure,P ic , and the conductance,Ĉ, in real time from measurements of P ic and I ext . It is defined by the following two differential equations:
whereP ic = 1/x. The gains γ and c are adjustable for tuning of convergence rate and smoothness of convergence and they must be chosen according to
for some constant δ > 0. In order to use this observer, certain conditions must be set on the experimental procedure. These ensure that the recorded data contain enough information to determine C; this so-called persistence of excitation condition is said to hold if there exist constants ε and such that
This implies that P ic must be different from P r in order for convergence to take place, which will be fulfilled with an artificial CSF inflow that keeps P ic elevated. If the observer is chosen as given in equations (5) and (6), if the chosen gains satisfy the conditions and if the persistence of excitation condition holds, then the states of the observer,x andĈ, will globally asymptotically converge to 1/P ic and C, respectively (Manchester et al 2007) . Proof of this statement can be found in the appendix.
The infusion apparatus
For pressure and infusion measurements, an apparatus developed in-house was used (Andersson et al 2005) . It consists of an electronic control unit, two pressure transducers (PMSET 1TNF-R, BD Critical Care Systems Pte Ltd, Singapore), a peristaltic pump (RegloAnalog-E, MS/CA1-E/12-160, Ismatec, Switzerland) and a set of tubing. The electronic control unit includes amplifiers for the pressure signal.
Constant pressure infusion (CPI)
The method currently in daily clinical use at the University Hospital of Umeå uses constant pressure levels (figure 1). The patient is in a supine position and two needles are placed in the spinal CSF space via lumbar puncture. One needle is used for infusion of artificial CSF where the infusion rate is controlled to regulate P ic to six consecutive, predetermined pressure levels in steps of 0.4 kPa. Mean intracranial pressure is measured on each level, as well as the net flow needed to maintain a constant pressure. The conductance value, C CPI , is determined as the slope of the linear regression between net flow and corresponding mean pressure. Shown in figure 2 are the intracranial pressure variations and the corresponding infusion pattern for the first 5 min of the second pressure level seen in figure 1. Investigations using the CPI method were performed both on an experimental set-up simulating the human CSF system and on patients in a clinical setting.
The experimental set-up
The experimental set-up that simulates the CSF system is shown in figure 3 (Andersson et al 2005) . The infusion apparatus was connected to the model using a double lumen catheter (BD CareflowTM, BD Critical Care Systems Pte Ltd, Singapore), where the two lumens were used for pressure measurement and fluid infusion/withdrawal respectively. For the experimental set-up, five different steel pipes were used yielding five different conductance values. Six repeated investigations were performed on each pipe. 
The patients
Thirty patients, mean age 71 ± 10 years (±SD), 8 women and 22 men, were included in the study. These patients had hydrocephalus or suspected INPH and they all underwent the CPI test as part of the preoperative investigation. The experimental set-up. The shape of the cavity (formed in polymetylmetakrylat) gave the model its compliance, the pressure volume index was set at 25.9 ml (Shapiro et al 1980) and the resting pressure was set to 1.56 kPa (Shapiro et al 1980) . The outflow conductance was simulated using various T304 stainless steel pipes. To achieve pressure variations in the set-up, recordings were taken from an INPH patient during lumbar resting pressure measurement. The data were filtered, and using the known compliance of the set-up, flow patterns were calculated which were then incorporated into the set-up using a separate pump. 
The observer
The observer (figure 4) was applied to the entire data sequence of I ext and P ic taken from investigations performed on the experimental set-up and on patients using the CPI method. The observer equations were implemented using Simulink R (The MathWorks, Inc., Boston, MA, USA). The estimated outflow conductance, C OBS , was taken as the mean value of the last minute of the convergence curve. To smooth the convergence curve forĈ OBS (figure 5), a third-order Butterworth low-pass filter was used with a cut-off frequency of 1/1200 s. The choice of this cut-off was a trade-off between speed of convergence and smoothness of the resulting estimate.
Choice of parameters
There are several values that must be determined before starting the observer; these include γ , c, k and P r as well as initial values onĈ OBS andP ic . To find the values of γ and c an optimization algorithm was used. First, reasonable intervals had to be found. The observer was applied to data from the first patient while varying γ and c until it was visually determined thatP ic resembled P ic . The intervals obtained were (10 5 < γ < 10 6 , −10 −2 < c < −10 −3 ). The optimization algorithm was then used to find the best values within these intervals. The algorithm stepped through all combinations of pairs with steps of 10 5 for γ and steps of 10
for c. For each pair the observer was applied on all 30 patients, and for each patient, C OBS was subtracted from C CPI , giving the paired difference, C. The standard deviation of the difference (for 30 patients), C SD , was calculated. The pair of gains resulting in the lowest standard deviation was chosen and these were then used in all subsequent analysis, both for the experimental set-up and the patients. For the experimental set-up, the pressure volume index, PVI, is known from construction, and using equation (2), the compliance parameter k can be calculated. For the patients though, the compliance varies between individuals so k is an unknown parameter. Investigations Table 1 . Mean value and standard deviation for the outflow conductance for each pipe (n = 6), for both the reference method (CPI) and the observer method (OBS).
Steel pipe 1 Steel pipe 2 Steel pipe 3 Steel pipe 4 Steel pipe 5 C CPI (µl (s kPa) −1 ) 3.7± 0.4 8.7 ± 0.8 16.3 ± 0.9 22.8 ± 1.1 28.3 ± 1.9 C OBS (µl (s kPa) −1 ) 3.9± 0.6 9.5 ± 0.9 15.3 ± 0.5 22.5 ± 0.8 26.8 ± 1.1 performed by Bouma et al (1992) , Czosnyka et al (1990) , Maset et al (1987) , Marmarou et al (1987) , Shapiro et al (1980) , and Tans and Poortvliet (1985) give values of PVI in the range of 12.6-38 ml. Therefore, a PVI value of 20 ml was chosen when finding the optimal gains and for the investigation on all patients. How the estimated outflow conductances are affected when the same PVI value is assumed for all patients was studied by performing the same analysis for the patients while letting the assumed PVI vary between 5 and 40 ml with steps of 1 ml. Both C and C SD were studied. The P r input to the observer when applied to the experimental set-up was chosen to be 1.56 kPa. For each patient, P r was determined at the start of the investigation, see figure 1 . The initial value ofP ic was set as P r . ForĈ, the value was taken as the mean of the 30 patients' conductance as estimated by the CPI method, 7.40 µl (s kPa) −1 .
Statistics
The Bland-Altman method (Bland and Altman 1986 ) and the paired sample t-test were used for comparison of C OBS and C CPI from the two methods (OBS and CPI); p < 0.05 was considered statistically significant.
Results
Values of gains γ and c
The optimization algorithm resulted in the following values: γ = 2 × 10 5 and c = −4 × 10 −3 .
Experimental set-up
Both methods have similar reproducibility for all conductances (table 1) . For all pipes (n = 30), C was 0.35 µl (s kPa) −1 with C SD = 1.28 µl (s kPa) −1 . There was no difference (paired sample t-test). Figure 6 shows the results of the two methods plotted against each other for 30 patients. In figure 7 , C is plotted against the mean of the two methods. The difference was significantly different from zero with C = −0.84 µl (s kPa) −1 and C SD = 1.25 µl (s kPa) −1 . Figure 8 shows C ± C SD as a function of assumed PVI for 30 patients. 
Patients
Compliance parameter
Discussion
This paper presents a new adaptive observer that provides real-time estimates of the outflow conductance of the CSF system. The observer method was evaluated using measurements taken from both an experimental set-up and investigations on patients with suspected INPH. Good agreement was found when compared with the constant pressure infusion method. The advantage of the experimental set-up was that several parameters, PVI, C and P r , were known and constant for all investigations. Therefore, C describes how the two methods manage the flow disturbances included in the experimental set-up. The OBS method estimated conductance values similar to the CPI method. There was no significant difference between C as estimated by the OBS method or by the CPI method, and C SD was low (table 1) . Thus, the reproducibility was good.
Previous studies on repeated measurements on patients performed by Andersson et al (2005) and Borgesen et al (1992) showed that for repeated measurements in patients the mean difference ranged between 1.2 and 2.5 µl (s kPa) −1 and the standard deviations were between 1.2 and 2.6 µl (s kPa) −1 . These values give an indication of clinically acceptable limits for measurements with current infusion techniques. This shows that although C between the two methods in this study was significantly different from zero, the results for both C and C SD were within this clinically acceptable range. It should be pointed out that the same data were used for both the reference and the new method, and that the results from patients using the CPI method were used to choose the initial conditions and the parameters of the observer. The initial choice for the conductance and the pressure will affect how the estimate converges to the true value. But in the current study, the outflow conductance was calculated as the mean of the last minute of an approximately 60 min infusion phase (figure 5) and different initial conditions would only affect initial transient behaviour and not the final estimate. The parameters γ and c were chosen to give the best results for C SD . However, the observer was evaluated on a large number of patients, with a large variety of physiological conditions spanning the expected range for suspected INPH patients, and was also shown to produce stable results on the experimental set-up. It is therefore believed that stable results will be achievable on the INPH patient population, though this remains to be investigated. Thus, in spite of these methodological limitations, the results in this study show that parameters and initial conditions can be found so that the outflow conductance estimates, C OBS , for the experimental set-up as well as for all 30 patients converge to a value in good concordance with C CPI . This provides a proof of concept that the observer combined with filtering ofĈ can produce a robust method.
One major difference between the OBS and the CPI method is that the OBS method uses P r in both equations and analysis, while the CPI method only uses the elevated pressure levels in its analysis (figure 1). This means that P r will affect C OBS ; thus, a good estimate of P r is needed. The static difference in C, see figure 8 , for almost the entire range of values for the PVI might be explained by P r . For example, a systematic difference of approximately 0.8 µl (s kPa) −1 could come from a systematic error of as little as 0.1 kPa for P r . Another difference between methods is that the CPI method puts equal weight on all regression points whereas the observer converges to a value, meaning that the last values are the most interesting ones. Therefore, the difference could also be explained by an increased outflow conductance at the most elevated pressure levels, a relationship supported by a yet unpublished study (Andersson et al 2007a) .
It is well known that PVI varies between patients, and therefore it was tested how much a variation in the chosen value for this parameter would affect the final estimated conductance. As seen in figure 8 , for all values on the PVI above 10 ml, both C and C SD are stable, indicating that the choice of PVI was not critical. All patients with a PVI in the range of previously reported data (Bouma et al 1992 , Czosnyka et al 1990 , Marmarou et al 1987 , Shapiro et al 1980 , Tans and Poortvliet 1985 should therefore be able to get a good estimate of their outflow conductance. Even so, it is possible that a well-determined estimate will enhance the convergence characteristics of the conductance estimate, resulting in a possibly reduced investigation time.
The observer was implemented using infusion patterns produced by the CPI method. The main advantages of this were that it allowed a direct comparison against the reference method and that it produces data for a wide range of intracranial pressures. However, based on characteristics of the system and expected disturbances, there exist methods for designing experimental inputs (infusion patterns) that will provide the most information about the unknown parameters of the system (Pukelsheim 1993) . Applying such methods to this system is likely to improve the performance of the observer.
To take advantage of the real-time estimation process, i.e. to find an optimal and possibly reduced investigation time, a decision as to when the outflow conductance estimate (figure 5) has converged to a reliable value must be made. Calculating precise statistics of nonlinear dynamical systems is a difficult task, but such statistics would give the user important real-time feedback about the reliability of the estimate. Second-order statistics of the estimated outflow conductance are currently not available for this particular observer and developing this is therefore an important challenge.
Conclusions
An adaptive observer for assessment of the outflow conductance was implemented. This new method uses all the information from the investigation as it is ongoing and it estimates the outflow conductance in real time. This will help the user decide when to terminate the investigation, thus making individual infusion times possible. The new method was tested with clinical data and even though the results show a small deviation between the two methods, the difference was within clinically acceptable limits. At this early stage in development, the new method was shown to be comparable with the constant pressure infusion (CPI) method. Taking into account that it currently uses infusion patterns designed for the CPI method, the possibility of reduced investigation times is high when the infusion pattern has been optimized. This encourages further development of this new real-time approach for estimation of the outflow conductance.
The proof of the following theorem was first presented by Manchester et al (2007) . (5) and (6). Suppose P ic (t) satisfies the persistence of excitation condition, and suppose the external inflow signal I ext (t) and P ic (t) are bounded functions, with P ic bounded away from zero:
Theorem 1. Consider a nonlinear system, equation (3) and an observer, equations
If the chosen gains γ and c satisfy equation (7), then the states of the observer,x andĈ, globally asymptotically converge to 1/P ic (t) and C, respectively.
A remark about the boundedness of the signals I ext (t) and P ic (t): it is a technical requirement of this proof, and would always be satisfied in practice.
Proof of theorem 1. Equation (3) can be rewritten as a linear differential equation after a change of variables. Let x = 1/P ic (t) then one can rewrite equation (3) as follows:
The error variables e =x − x andC =Ĉ − C are introduced and a standard observer for x and C is designed as follows:
where a constant c and a function v are variables which must be chosen so that the error dynamicsė
are globally asymptotically stable. Therefore, the Lyapunov function candidate is introduced:
V (e,C) = 1 2 e 2 + 1 2γC 2 .
Differentiating V (e,C) along the solution of the error system (A.3), the following is obtained:
If v is chosen to be the following function:
and if the constant c is chosen to satisfy equation (7) 
Setting t k = 0, it follows that e(t) ∈ L 2 [0, ∞). It follows from (A.5) that e(t) andC(t) are bounded on [0, ∞), and by assumption, so is I ext (t). From the boundedness of these three signals, and from (A.3), it follows that |ė(t)| is also bounded. Therefore, since e(t) ∈ L 2 [0, ∞) and |ė(t)| is bounded, it follows from Barbalat's lemma that e(t) → 0 as t → ∞. Rearranging (A.5) intõ C(t) 2 −C(t k ) 2 < −2δγ and considering an increasing sequence of times t k → ∞ with t > t k for each k. Since e(t) ∈ L 2 [0, ∞) and e(t) → 0, the right-hand side of the above equation goes to zero as t k → ∞. SinceC(t) 2 is obviously bounded from below by zero, it follows thatC(t) converges to a constant value. Now, ifC(t) converges to a constant, it must converge to zero. This will be proven by contradiction. Suppose thatC(t) →C * = 0 and examine the dynamics ofė(t):
e(t) = [c − kI ext (t)]e(t) + k[1 − P r x(t)]C(t).
First note that k is a positive number, and by assumption on I ext (t), [c − kI ext (t)] is bounded, and it has just been proven that e(t) → 0. Hence, ifC →C * theṅ e(t) → kC * [1 − P r x(t)].
(A.7)
The persistence of excitation condition (8) is equivalent to the existence of an ε 1 > 0 such that t+ t [1 − P r x(t)] 2 dτ ε 1 , ∀ t 0. (A.8)
Furthermore, it follows from the boundedness of P ic (t) that x(t) is bounded, and so it follows from (A.1) and the boundedness of I ext (t) that |ẋ(t)| is bounded. From the boundedness of |ẋ(t)| and (A.8), it follows that there exist positive constants ε 2 and 2 such that for every t > 0 there exists an interval [t 1 (t), t 2 (t)] ⊂ [t, t + ] of length 2 such that either [1 − P r x(t)] < −ε 2 or [1 − P r x(t)] > ε 2 for all t ∈ [t 1 (t), t 2 (t)].
Considering (A.7), this means that the derivative of e(t) is always held ε 2 away from zero over an interval of length 2 . It follows that e(t) cannot converge to zero. So, a contradiction, and hence the only possibility is thatC * = 0. It has been proven that e → 0 andC → 0; thereforex → x andĈ → C. By substituting the formula for v, (A.4), and changing back to the original coordinates P ic (t) = 1/x(t) in the observer equation (A.2) the observer equations (5) and (6) are obtained. This completes the proof of the theorem.
